We have carried out an archaeomagnetic study on a late Neolithic locality (Liujiazhai) in Sichuan, southwestern China. We pull together various dating techniques, including radiocarbon analysis, optically stimulated luminescence dating, stratigraphic information as well as archaeological and archaeomagnetic estimations, to constrain the age of the studied samples. Rock magnetic results indicate thermally stable fine-grained magnetite or titanomagnetite as the dominant magnetic carriers. More than half of the specimens (141/246) in the paleointensity experiment pass the selection criteria and are considered to record robust intensity values. The virtual axial dipole moments range from approximately (2.8 to 7.8) × 10 22 Am 2 with an average of 5.9 × 10 22 Am 2 , indicating that the geomagnetic intensity around 3000 before the Common Era (B.C.E.) is overall lower than the present field intensity (9.8 × 10
Introduction
The geomagnetic field is one of the most important basic physical properties of the Earth, with a history of at least~3.5 Ga Biggin et al., 2011; Usui et al., 2009] . The field is generated by convections in the Earth's fluid outer core, and thus, it is a window to the Earth's deep interior. The variation of the geomagnetic field may have significant dynamical implications. For instance, core-mantle interactions and heat flow may influence geomagnetic variations [Bloxham, 2000; Willis et al., 2007; Biggin et al., 2012; Hori et al., 2014] . Velocity changes in outer-core flow might cause geomagnetic jerks [Bloxham et al., 2002; Dumberry and Finlay, 2007; Olsen and Mandea, 2008; Mandea et al., 2010] . The geomagnetic field played a key role in the evolution of life on the Earth as well, almost certainly early on, by shielding against cosmic radiation, but also recently aiding processes such as animal navigation Pan and Zhu, 2011; Wiltschko and Wiltschko, 2012] . Potential connections between the geomagnetic field and global climate have been discussed in many studies [Kent, 1982; Gallet et al., 2005 Gallet et al., , 2014 Courtillot et al., 2007; Bard and Delaygue, 2008] . Therefore, investigating the evolution of the geomagnetic field is crucial for a better understanding of the environment and state of the Earth.
The direction and intensity of the ancient geomagnetic field can be obtained from direct observations (with a history of~400 years for direction and <200 years for intensity); archaeomagnetic artifacts such as pottery, brick, and baked clay (~10 kyr); and paleomagnetic records from volcanics and sediments (~3.5 Ga). The direct observational data are far too limited to represent the whole evolution history of the geomagnetic field. Thus, archaeomagnetic and paleomagnetic studies are quite necessary. Archaeomagnetic studies focus on the detailed evolution of the geomagnetic field over the past few thousand years and have a potential application for archaeomagnetic dating [Ben-Yosef et al., 2008 Pavón-Carrasco et al., 2009 Aguilar Reyes et al., 2013] . China is located over one of the largest magnetic anomalies on Earth (the central Asian anomaly labeled CAA in the inset of Figure 1d ). The growth, decay, and motion of the CAA and other so-called "flux patches" are the subject of intense research [Amit et al., 2011; . Understanding the variations of the geomagnetic field in China is important for understanding the evolution of these anomalies. However, the published data in China, even in all of eastern Asia, are sparse and scattered [Cai et al., 2014; Yu, 2012] . Most of the existing Chinese data are focused in the eastern part of China and are mainly from the past 3 kyr. In this study, we present new paleointensity results from Liujiazhai site in Sichuan province, southwestern China, a cultural locality dated to~3000 before the Common Era (B.C.E.), which will fill many gaps of the present data set in both time and space. The black solid circles represent the locations of the accepted archaeointensity data in China from MagIC database. For data selection criteria, please see the text. The magenta star is the location of this study. The blue diamonds represent the published data locations in Cai et al. [2014] . The inset is the intensity of the geomagnetic field in the 2015 International Geomagnetic Reference Field over the surface of the Earth with the central Asian anomaly (CAA). The blue star in the inset shows the location of sampling site in this study. (f and g) Representative pottery fragments in this study.
Sampling
The Liujiazhai site is located at the upriver of Dadu River in Sichuan province, southwestern China (31°4 7′57″N, 101°32′02″E) ( Figure 1d ). The characteristics of excavated materials (such as shape and decoration of potteries, style of kilns, and contents of tombs) indicate that the Liujiazhai site belongs to the late Neolithic period with a main age of~3000 B.C.E. Painted pottery is one of the representative characteristics in this area over that period. In order to rescue the precious relics from an impending construction project, this site was excavated twice in 2011 and 2012. In total, five cultural layers were uncovered with various artifacts such as pottery kilns, ash pits, and house vestiges. The accumulation thickness of each layer varies from 20 to 180 cm. The styles of the unearthed house vestiges evolved with different cultural layers, showing that there might be continuous human beings activity here. A huge number of pottery fragments, burnt clay, and animal bones were unearthed, which indicate that the pottery industry was active that time. The samples studied in this paper were collected from the areas excavated in 2012 (Figures 1a and 1b) and were mainly assigned to the first three cultural layers. Both oriented in situ (Figures 1c and 1e ) and unoriented (Figures 1f and 1g ) samples were collected for directional and paleointensity studies. Here we discuss the intensity results. The directional results will be described elsewhere.
With respect to sample nomenclature, the pottery fragments are labeled LJZ. In specimen LJZ1a-01, for instance, "1a" is the sample name and "01" is the specimen name. The samples of burnt clay collected from kilns are named after the kiln name Yx. The "x" is the number of the kiln, Y1, Y2, Y3, and so on. For example, in Y22a-01, "Y2" is the kiln name, "2a" is the sample name, and 01 is the specimen name.
For the purpose of obtaining more precise ages for the samples, materials suitable for radiocarbon dating were collected where available. For instance, plant ashes from kilns Y1 and Y8, charcoals from Y3 and Y4, and a piece of animal bone from Y5 were collected. Besides, two pottery samples of LJZ1c and LJZ4a were selected for optically stimulated luminescence (OSL) dating. The sampling information is listed in Table 1 .
Methods

Dating Techniques
The materials collected for radiocarbon dating were analyzed by Beta Analytic Inc, Florida, USA, where the accelerator mass spectrometry dating method was adopted. Charred materials from Y1, Y3, Y4, and Y8 and bone collagen from Y5 were extracted for radiocarbon analysis. Sample preparation and analysis for OSL dating was conducted in the OSL laboratory, Institute of Geology and Geophysics, Chinese Academy of Sciences. Totals of 13 and 10 aliquots were measured for equivalent dose determination for LJZ1c and LJZ4a, respectively. The concentrations of uranium (U), thorium (Th), and potassium (K) involved in dose rate calculations were measured in the China Institute of Atomic Energy in Beijing. The cosmic ray dose rate was estimated according to Prescott and Hutton [1994] , and the dose rate of each sample was calculated following the method of Aitken [1998] .
Rock Magnetism
In order to determine the rock magnetic properties such as mineralogy and domain state of the samples, different rock magnetic experiments were employed. Hysteresis loops, acquisition curves of isothermal remanent magnetization (IRM), and first-order reversal curves (FORCs) [Roberts et al., 2000] were measured with the MicroMag 3900 Vibrating Sample Magnetometer in the Paleomagnetism and Geochronology Laboratory (PGL) at the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing. The variability of magnetization versus temperature (M-T) was measured with the magnetic measurements variable field translation balance fixed with an oven in the PGL, which helps detect the Curie temperature (T c ) and thermostability of the minerals. Three-axis IRM demagnetization experiments [Lowrie, 1990] were conducted to further constrain the mineralogy and coercivity distribution of the samples. During these experiments, fields of 2.5 T, 0.5 T, and 0.15 T were applied along the x, y, and z axes successively. The resulting IRM was thermally demagnetized in a stepwise fashion with a magnetic measurement thermal demagnetizer super cooled (MMTDSC) oven designed by John Shaw and measured with the 2G 760 superconducting quantum interference device (SQUID) magnetometer after each step.
Paleointensity
A total of 246 specimens from 41 samples were processed for paleointensity experiments with a minimum of 5 specimens per sample. Before the intensity experiment, samples were broken into irregular chips and fresh specimens were selected. For the convenience of orienting during the experiment, the irregular chip specimens were fixed in cubic ceramic boxes (1.2 cm × 1.2 cm × 1.2 cm) with fire-resistant cotton matting. The ceramic cubes have comparable magnetic moments to the background of the magnetometer used for the measurements and do not contaminate the magnetic signal of the specimens. The procedure for the paleointensity experiment followed the "IZZI" protocol suggested by Tauxe and Staudigel [2004] . Of all the specimens, 166 specimens were heated in a French paleointensity furnace in an argon atmosphere. Specimens cool naturally after the heating, which takes~12 h. The rest of 80 specimens were processed in the MMTDSC oven mentioned above. This oven is fixed with a fan and has a much faster cooling time of about 20 min. The residual field of both ovens is less than 10 nT for the "zero field" cooling steps. Heating steps were carried out from 100°C to 580°C with temperature intervals varying from 20°C to 100°C. The laboratory field of 30 μT is applied along Àz axis of the specimens with a precision of 0.1 μT for the "in field" cooling steps. The remanence was measured with the 2G 760 SQUID magnetometer after each step. The whole procedure of the experiment was conducted in a shielded room with residual field less than 300 nT.
The bias in paleointensity caused by anisotropy of thermal remanent magnetism (ATRM) in archaeological study is nontrivial [Rogers et al., 1979; Aitken et al., 1981 Aitken et al., , 1988 . ATRM correction was conducted on each successful specimen in the intensity experiment following the method of Veitch et al. [1984] . A total TRM was used for the calculation of the anisotropy tensors. An alteration check step was added to monitor any thermal alteration during the experiment.
The effect of cooling rate is also considered in this study. Only specimens heated in the MMTDSC oven underwent cooling rate corrections. It is not necessary for those processed in the French furnace because the natural cooling system mimics the original cooling of the pottery when first fired. The cooling rate correction experiment follows the procedure suggested by Genevey and Gallet [2002] . Specific experimental steps could be found in Cai et al. [2014] .
Results
Dating Results
The radiocarbon dating results are shown in 
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with largest probability for each sample was used in this study. The radiocarbon ages of materials collected from different kilns are adopted to approximate the age of the kilns. Therefore, the final ages of Y1, Y3, Y4, Y5, and Y8 are 4870-4816 B.P., 4726-4528 B.P., 5055-4866 B.P., 5041-4867 B.P., and 4773-4577 B.P., respectively. All statistics and dating results of the OSL dating are listed in Table 3 . The final ages of LJZ1c and LJZ4a are 4.895 ± 0.253 ka and 4.622 ± 0.260 ka, respectively, which are consistent with the radiocarbon dating results, demonstrating the accuracy of both ages.
Besides the dating methods mentioned above, the stratigraphic information of the cultural layers and archaeointensity results are considered to supply further constraints on the sample ages. It is believed by archaeologists that relics associated with the same cultural layers generally have similar ages. In addition, samples belonging to the same period should yield identical archaeointensity values within the error. Therefore, more precise age controls could be reached if we combine the stratigraphic and archaeointensity information. For example, Y1 and Y2 are both in Layer I and thus can rely on the radiocarbon age of Y1. LJZ4a and LJZ4e are both in Layer III and record approximate intensity values, which could share the OSL age of LJZ4a. The final age after combining all the information of radiocarbon analysis, OSL dating, stratigraphic relationship, and archaeointensity results are listed in Tables 1 and 5 .
Rock Magnetic Results
The hysteresis loops of representative specimens show slightly wasp-waisted shapes (Figures 3a-3d) , indicating a mixing of different grain sizes or minerals [Tauxe et al., 1996] . The hysteresis parameters inferred from the bulk measurements are shown on the figures, but these are difficult to interpret in the case of mixtures of different populations. The bulk coercivity (B c ) ranges from~10 mT to~30 mT, which demonstrates that soft magnetic minerals are the dominant magnetic carriers. This inference is supported by the IRM acquisition curves (Figure 3e ), which generally saturate before 200 mT (except for LJZ1c which does not saturate by 1 T). Further evidence is from the shape of FORCs (Figures 3f and 3g) , which indicate a single domain fraction mixed with limited multidomain (MD) or superparamagnetic grains.
The M-T curves show good reversibility (Figure 4) , indicating slight or no alteration during heating. Curie temperatures (T c ) calculated by the second derivative method described by Tauxe et al. [2010] are~580°C or slightly lower, demonstrating magnetite or Ti-poor titanomagnetite as the main magnetic minerals. Representative three-axis IRM demagnetization curves ( Figure 5) show a low-coercivity component (<0.15 T) being dominant, and all three components are totally demagnetized before 600°C (except for LJZ1c), which agrees with the conclusion of magnetite or titanomagnetite being the dominant magnetic carriers obtained from the M-T results. The results for LJZ1c are consistent with a hematite remanence, however.
Paleointensity Results
A great number of selection criteria have been put forward to estimate the reliability of paleointensity results [Paterson et al., 2014] . We use the most common and effective selection statistics in this study (Table 4) , as well as some new ones proposed by Shaar and Tauxe [2013] . The detailed description of each statistic can be found in Paterson et al. [2014] and Cai et al. [2014] and references therein. Based on the selection criteria, 141 out of 246 specimens from 29 samples are considered to yield robust paleointensity estimates, with a success rate of~57%. The results of accepted samples are listed in Table 5 ; those on specimen level are listed in Table S1 in the supporting information. Representative accepted specimens are shown in Figures 6a and 6b , which typically behave linearly on the Arai plots and have a single-directional component trending to the origin except a small secondary component removed by 100-150°C in the orthogonal projection plots (Figures 6a2 and 6b2) . Specimens are generally rejected either by nonlinear behavior on the Arai plots (Figure 6c ) or nonideal behavior on the orthogonal projection plots (Figure 6d2 ). The former is usually caused by alteration during the paleointensity experiments, MD effects ; Xu and , or multiple components, while the latter is often induced by overprint of secondary components (perhaps acquired by reheating during cooking or fires).
The anisotropy and cooling rate correction results are shown in Figure 7 . Alteration during the anisotropy correction experiment is usually less than 10% (Figure 7a ), and those with more than 10% are excluded. The ratio of maximum and minimum eigenvalues of the ATRM tensors (τ 1 /τ 3 ) varies between 1.03 and 1.83. The extent of anisotropy correction is generally less than 10% with few exceptions of 30%-40% (Figure 7b) . After ATRM correction, 76% (22/29) of the samples yield more concentrated average intensities, demonstrating the validity of the anisotropy correction. A cooling rate correction is only applied on the specimens processed with the MMTDSC oven. The alteration during cooling rate experiment is quite limited (<2%; Figure 7c) , and the amount of cooling rate correction ranges from 3% to 7% (Figure 7d ).
Discussion
The important geophysical location of China near the CAA makes the variation of the geomagnetic field in this area of particular interest. However, reliable paleointensity data with modern experimental procedures and stringent selection criteria are scarce or nonexistent. High-fidelity archaeointensity data with precise age constraints around 3000 B.C.E. obtained from Sichuan Liujiazhai site in southwestern China can fill spatial and temporal gaps in the published data sets.
We pull together various dating techniques to control the sample ages as precisely as possible. The radiocarbon ages from the kilns and the OSL ages from the two pottery samples are generally consistent, a B lab : applied field in the lab, B acc : average paleointensity of a sample after anisotropy and cooling rate correction (those without cooling rate correction are marked with an "asterisk"), σ B : standard deviation of B acc , σ VADM : standard deviation of VADM, n a : number of specimens accepted. demonstrating the reliability of the ages. The stratigraphic information and archaeological and archaeomagnetic estimations are combined to further control the sample ages. Well-constrained ages in this study supply more details of the geomagnetic field variations.
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Rock magnetic results of the studied samples indicate thermally stable, fine-grained magnetite, or titanomagnetite as the dominant magnetic carriers in most instances, which assure their suitability for paleointensity determinations. A high success rate of~57% (141/246) is obtained during the intensity experiment. The new results in this study as well as the published paleointensity data from the Magnetics Information Consortium (MagIC) database (http://earthref.org/MAGIC) in eastern Asia are shown in Figure 8 . The following selection criteria are applied: the data must be obtained through a double-heating protocol and be based on averages of at least three specimens and have a standard deviation of mean intensity less than 10% or 5 μT.
The VADMs (virtual axial dipole moments) of the new data vary from approximately (2.8 to 7.8) × 10 22 Am 2 with an average of 5.9 × 10 22 Am 2 , which is lower than the present field intensity (9.8 × 10 22 Am 2 ) in the sampling site. The high-fidelity intensity data together with well-constrained ages have shown that the variations of geomagnetic intensity are serially correlated and follow a reverse "U" shape between~3100 B.C.E. and~2600 B.C.E. (see inset in Figure 8 ). The rate during the initial increase from about~3100 B.C.E. to~2900 B.C.E. is about 10 μT/century comparable to the rate during the subsequent decay from 2750 B.C.E. to~2600 B.C.E., while the average variation rate during the 500 years is~5 μT/century. These Figure 6 . (a1-d1) Arai plots and the relative equal area projections, (a2-d2) orthogonal projections, and (a3-d3) natural remanent magnetism lost-TRM (thermal remanent magnetism) gained curves of representative (a and b) accepted and (c and d) rejected specimens. The numbers on the Arai plot and orthogonal projections are temperature steps in centigrade (°C). The description of the statistics in the figure can be found in Cai et al. [2014] and Shaar and Tauxe [2013] . Detailed introduction of each figure can be found in Shaar and Tauxe [2013] . The plots are made with the software of Thellier_GUI [Shaar and Tauxe, 2013] .
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estimates are under the upper bounds of~0.62 μT/yr, calculated through numerical models by Livermore et al. [2014] . When cast as %/decade, these rates (~4%/decade) are comparable to those observed by Shaar et al. [2015] .
We record two periods of low intensity (decreases in paleointensity (DIPs)) in this study with VADMs of less than or around 4 × 10 22 Am 2 . The first is as low as~2. et al. [2014] at about~2250 B.C.E. It is possible that the two extreme lows at~3100 B.C.E. and~2250 B.C.E. are the same feature, and the age difference is just caused by loose age control (both are based on archaeological estimation). That said, a difference of nearly 1000 years is difficult to attribute to archaeological dating errors. It is perhaps more likely that the two lows are separate features of the geomagnetic field at different time periods. In this interpretation, the downward trending data between~2750 B.C.E. and~2600 B.C.E. recovered in this study are the onset of the DIP at~2250 B.C.E. documented by Cai et al. [2014] . More reliable data with better age constraints are needed to resolve this issue. In any case, the low intensities reported here could be taken as a further evidence of the existence of broad "DIP" during the period of~3000-2000 B.C.E.
The new results from this study are generally consistent with the published data with similar age but deviate significantly from the CALS10k.1b model at certain time period (thick grey line in Figure 8 ). Our new results should therefore be incorporated into future secular variation models.
The globally published paleointensity data since 10 ka are mainly concentrated in the past 3 kyr (see Figure S1 in the supporting information in Mitra et al. [2013] ), and data from more ancient periods are scarce. The new results from Liujiazhai site in this paper are significant for constraining the variation of geomagnetic field between~3100 and 2600 B.C.E. Since most of the published data in China are from the eastern part, the new Figure 7 . Histograms of (a) alteration percent during the TRM anisotropy correction experiment, (b) extent of TRM anisotropy correction described by the ratio of intensity value after anisotropy correction (B ac ) to the raw intensity (B raw ), (c) alteration percent during cooling rate correction experiment, and (d) cooling rate correction factors expressed as the ratio of intensity after both anisotropy and cooling rate correction (B acc ) to B ac . results from Sichuan Liujiazhai site in southwestern China could improve the spatial distribution of data and have potential applications for regional comparisons in the future. The new data set is also useful for improving the regional geomagnetic model of eastern Asia, which has great implications for future archaeomagnetic dating in this area.
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Conclusions
In this paper, we carried out a detailed archaeomagnetic study on late Neolithic remains at the Liujiazhai archaeological site in Sichuan province, southwestern China. The main conclusions drawn from this study are as follows:
1. The radiocarbon ages from the kilns range from~3000 to 2600 B.C.E., while the OSL ages from the two potteries are~2900 BC (LJZ1c) and~2600 B.C.E. (LJZ4a), respectively. The consistency between two dating techniques assures the reliability of the ages. Further information from stratigraphic relationship and archaeological and archaeomagnetic estimation provides more constraints on the sample ages. 2. Detailed rock magnetic studies indicate thermally stable, fine-grained magnetite or titanomagnetite as the dominant magnetic carriers, which assure their suitability to paleointensity determinations. 3. The VADMs of the new data vary from approximately 2.8 to 7.8 × 10
22 Am 2 with an average of 5.9 × 10 22 Am 2 , indicating that the geomagnetic intensity around 3000 B.C.E. is overall lower than the present field intensity (9.8 × 10 22 Am 2 ) of this area.
4. We observe a period of rapid field growth followed by rapid field decay. Both exhibit changes of some 10 μT/century (translating to some 4%/decade), under the upper-bound values predicted by Livermore et al. [2014] , and consistent with those observed by Shaar et al. [2015] . 5. A low-intensity value (~2.3 × 10 22 Am 2 ) with the DIP was reported by Cai et al. [2014] at~2250 B.C.E. We observe comparable values of~2.8 × 10
22 Am 2 at~3100 B.C.E. This DIP may be the same as that reported in the early study; alternatively, there is a second DIP with comparable field values preceding the DIP of Cai et al.
[2014] by~1000 years. In any case, the new data constitute further evidence of the existence of a broad low in the geomagnetic intensity in China during the period of~3000-2000 B.C.E. 6. The new results from this study supply important data for future versions of the global paleosecular variation models and are significant for constraining the variation of geomagnetic field between~3100 and 2600 B.C.E. The new data set are also useful for improving the regional geomagnetic model of eastern Asia, which has great implications for future archaeomagnetic dating in this area.
